Abstract. Cardiac fibrosis is a major pathological manifestation of diabetic cardiomyopathy (DCM), which leads to cardiac remodeling, dilated cardiomyopathy and congestive heart failure. Human cardiac fibroblasts (HCF) constitute the predominant cell type in the heart and matrix metalloproteinases (MMPs) and tissue inhibitors of metalloproteinases (TIMPs) are also involved in cardiac fibrosis. However, it is unclear whether high glucose levels affect the expression of MMPs and TIMPs in HCF. Sodium-glucose cotransporter (SGLT) inhibitors have been developed as therapeutic agents and the anti-DCM effect of SGLT inhibitors has been demonstrated by previous studies. However, whether SLGT inhibitors protect the diabetic heart by directly inhibiting the SGLTs in HCF in addition to lowering the blood glucose levels, has not yet been determined. In the present study, increased MMP-2 expression was noted in HCFs in response to high glucose levels, which may be reversed by phlorizin (inhibits both SGLT1 and SGLT2), but not dapagliflozin (inhibits SGLT2). In addition, SGLT1 was revealed to be present in the HCFs and high glucose level was demonstrated to increase SGLT1 expression, which may be attenuated by phlorizin. Therefore it was concluded that high glucose levels induced MMP-2 expression in the HCFs, potentially by upregulating SGLT1. SGLT1 inhibition may be a novel strategy for the treatment of DCM.
Introduction
Diabetes mellitus (DM) is a chronic metabolic disease, affecting many individuals worldwide. The increase in prevalence is followed by a global pandemic of diabetes-related complications. Diabetic cardiomyopathy (DCM) is one of the major complications of DM (1) . However, the exact molecular mechanisms underlying DCM remain unclear.
Matrix metalloproteinases (MMPs) are responsible for cleaving extracellular matrix (ECM) proteins. Among the MMPs, MMP-2 and MMP-9 are the major gelatinases that play an important role in the development of DCM by degrading the ECM (2) . MMP-2 expression is higher in a diabetic heart (3, 4) . Moreover, dysregulation of MMP proteins and their endogenous inhibitor, namely, tissue inhibitor of metalloproteinase (TIMP), has been observed in the diabetic heart, suggesting that MMPs/TIMPs are involved in DCM. However, whether high glucose levels affect the expression of MMPs/TIMPs in human cardiac fibroblasts (HCF) is unclear.
Sodium-glucose cotransporters (SGLTs) are encoded by a subfamily of solute carrier genes, which are members of the sodium substrate symporter family. SGLT transport glucose by following the sodium concentration gradient which is established by the Na+/K+-ATPase pump. The primary SGLTs include SGLT1, which accounts for glucose absorption from the small intestine, and SGLT2, which is responsible for reabsorption of the glucose in the proximal renal tubule. SGLT inhibitor has been developed as a novel strategy for the treatment of type 2 DM patients. Recently, the result of EMPA-REG OUTCOME trail demonstrated that, Empagliflozin, a new member of the SGLT2 class, could significantly decreased the cardiovascular morbidity and mortality in DM patients (5) . In addition, Cefalu et al (6) , showed that dapagliflozin plays a significant role in the reduction of HbA1c, BW, and SBP. However, it had no adverse effect on cardiovascular safety, compared to placebo treatment. In short-term studies, SGLT1 inhibition and combined SGLT1/SGLT2 inhibition were found to be safe (7) . SGLT inhibitors play a cardiovascular protective role, possibly by inhibiting renal reabsorption of glucose, thereby lowering blood glucose levels. Recently, SGLT1 was found to be highly expressed in the human and rodent heart, and to actually contribute to the pathogenesis of PRKAG2 cardiomyopathy (8, 9) . Knockdown of SGLT1 could attenuate the disease phenotype (10) . SGLT1 was also found to be expressed in cardiomyocytes (8) . However, SGLT expression in the HCF has not been previously tested, and the cardioprotective mechanism of SLGT inhibitors involving direct Role of SGLT1 in high glucose level-induced MMP-2 expression in human cardiac fibroblasts
inhibition of the SGLT in HCF, in addition to lowering blood glucose levels, is unclear.
In the present study, we investigated whether high glucose levels regulate the expression of MMPs and TIMPs in HCF. We studied the effect of two SGLT inhibitors (phlorizin and dapagliflozin) on glucose-induced MMP-2 expression in the HCF as well as investigated the role of SGLT1 in this effect.
Materials and methods
Materials. The CS4Z055R (containing serum) and CS4Z3500R (not containing serum) media were purchased from Cell Systems Corporation, (Kirkland, WA, USA). D-(+)-Glucose, D-(+)-mannitol, and diamidino-2-phenylindole (DAPI) were purchased from Nacalai Tesque Inc., (Kyoto, Japan). Phlorizin and dapagliflozin were purchased from Cayman Chemical Company, (Ann Arbor, MI, USA). All other chemicals were of reagent grade and commercially available.
Cell culture. Primary human cardiac fibroblast cells (ACBRI 5118) at passage 2 were purchased from Cell Systems Corporation. All studies were performed with HCFs at passage 4-10. Passage Reagent Group (Cell Systems Corporation) were used for cell passaging. The cells were seeded on 6-well tissue culture plates at a density of 1x10 5 cells/well, maintained in the CS4Z055R medium, and grown in the cell incubator at 37˚C, containing 95% O 2 and 5% CO 2 . After sub-confluence, CS4Z3500R (without serum) medium was used to synchronize the cells for 24 h. The cells were washed twice with phosphate-buffered saline and cultured in the medium to be further subjected to different treatments. Cells were passaged in 0.05% trypsin-EDTA.
Groups and interventions.
To test the effect of glucose on HCF, the cells were divided into 7 groups: Control group, Glu 5.5 mM group (cultured with 5.5 mM glucose), Glu 30 mM group (cultured with 30 mM glucose), Glu 100 mM group (cultured with 100 mM glucose), osmotic control (OC) 5.5 mM group (cultured with 5.5 mM mannitol), OC 30 mM group (cultured with 30 mM mannitol), and OC 100 mM group (cultured with 100 mM mannitol). Different times of incubation, including 1, 2, 4, 6, 12, 24, and 48 h, were adopted to evaluate the effects of glucose on HCF. Then, to test the effect of phlorizin and dapagliflozin on glucose-induced MMP-2 expression in HCF, the cells were divided into 6 groups: Control group, Glu 30 mM group (cultured with 30 mM glucose), Phlorizin 10 µM group (cultured with 30 mM glucose and 10 µM phlorizin), Phlorizin 100 µM group (cultured with 30 mM glucose and 100 µM phlorizin), Dapagliflozin 10 µM group (cultured with 30 mM glucose and 10 µM dapagliflozin), and Dapagliflozin 100 µM group (cultured with 30 mM glucose and 100 µM dapagliflozin).
Isolation of total mRNA and reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
After group-specific treatment, RNeasy mini-kit (Qiagen GmbH, Hilden, Germany) was used for extracting total RNA from the cells. Then, the mRNA was used as the template to synthesize complementary DNA (cDNA) with Thermo Script RT-PCR kit (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) according to the manufacturer's instructions. Approximately 2 µl of the cDNA was used for RT-PCR. The forward and reverse primer sequences are shown in Table I . The reaction conditions included the following: step 1: 95˚C for 30 sec; step 2: 40 cycles at 95˚C for 5 sec and 60˚C for 34 sec; step 3: 95˚C for 15 sec, 60˚C for 60 sec, and 95˚C for 15 sec. The final concentration of MMP-2, TIMP-1, TIMP-2, and SGLT-1 was expressed relative to that of GAPDH from the same RNA sample.
Western blot analysis. After 24 h incubation with the corresponding intervention factors, the cellular protein was extracted using the radioimmunoprecipitation assay (RIPA) lysis buffer for use in western blotting. This was followed by determination of protein content in the supernatant. The supernatant was then separated by SDS-PAGE (10%) and transferred to a polyvinylidene fluoride membrane. The membrane was blocked with the blocking buffer for 30 min at room temperature, and then incubated overnight with the rabbit anti-SGLT1 monoclonal antibody (1:1,000 diluted) and rabbit anti-β-actin monoclonal antibody (1:10,000 diluted) at 4˚C. After wash with TBS-T for 3 times, the membranes were then incubated with the second antibody (1:10,000 diluted) for 1 h at room temperature. The antigen was detected by using the standard chemical luminescence method. The bands on the membranes were scanned on a gel imaging system (Bio-Rad Laboratories, Inc., Hercules, CA, USA) and analyzed by Quantity One v4.4.
Statistical analysis. Statistical analysis was performed using the GraphPad Prism (v6.0; GraphPad Software, Inc., La Jolla, CA, USA) software. One-way analysis of variance (ANOVA), followed by Tukey's post-hoc analysis, was performed to compare between multiple experimental groups. P<0.05 was considered to indicate a statistically significant difference.
Results

High glucose levels induce MMP-2 and TIMP-1 expression in HCF.
We performed RT-qPCR assay to test the effect of glucose on HCF. As shown in Fig. 1 , we found that the relative expression of MMP-2 and TIMP-1 was up-regulated by glucose at 30 and 100 mM (P<0.05; Fig. 1A-B) . However, high glucose levels did not have any effect on the expression of TIMP-2 (Fig. 1C) . As the ratio of MMP-2 to TIMP-2 is usually considered representative of ECM balance (3, 11, 12) , we tested the effect of high glucose levels on it; we found that high glucose levels could increase the MMP-2/TIMP-2 ratio (P<0.05; Fig. 1D ). Moreover, MMP-9 mRNA expression was very low, and therefore, we did not test the expression of MMP-9 in the subsequent experiments. We found that mannitol at 30 and 100 mM had no effect on the expression of MMP-2 and TIMP-1/2; these results indicated that high glucose levels, and not osmotic effect, were responsible.
Phlorizin inhibits high glucose level-induced MMP-2 and TIMP-1 expression in HCF.
Based on the findings of previous studies (13) as well as the above-described results, 30 mM glucose was used to induce the expression of MMP-2 and TIMP-1. As shown in Fig. 2 , 100 µM phlorizin inhibits MMP-2 and TIMP-1 expression in HCF, which is induced by high glucose (P<0.05); however, dapagliflozin had no effect ( Fig. 2A-B) . Both phlorizin and dapagliflozin had no effect on the expression of TIMP-2 (Fig. 2C) . We also found that phlorizin could decrease the ratio of MMP-2/TIMP-2 (P<0.05; Fig. 2D ).
Phlorizin inhibits high glucose level-induced SGLT-1 expression in HCF.
To determine the involvement of SGLT-1, western blotting was used to detect SGLT-1 expression in each group. As shown in Fig. 3 , we found that high glucose levels increase the expression of SGLT-1 in HCF, and phlorizin inhibits the expression of SGLT-1 (P<0.05). Meanwhile, dapagliflozin did not have this effect. These results indicated that high glucose levels might induce MMP-2 and TIMP-1 expression by up-regulating SGLT-1.
Discussion
DCM, which was first described in 1972, is defined as myocardial dysfunction in the DM patients without hypertension and coronary artery disease; it could finally result in heart failure (14) . There is growing evidence that myocardial fibrosis, cardiomyocyte apoptosis, inflammation, oxidative stress, impaired calcium handling, renin-angiotensin system activation, and mitochondrial dysfunction are involved in the development of DCM (15) . Among all these factors, myocardial fibrosis is the most frequently proposed mechanism to explain cardiac changes in DCM. Many studies have shown that inhibiting myocardial fibrosis can attenuate the progress of DCM in animal experiments (16, 17) .
Cardiac fibroblasts are the main cell type constituting the heart, and are responsible for the basal deposition and degradation of the ECM. As the primary structural cells of the heart, cardiac fibroblasts are critically involved in all cardiac fibrotic conditions. Liu et al (13) , showed that high glucose levels induced cardiac fibrosis in diabetic mice by increasing the proliferation of and collagen synthesis by cardiac fibroblasts. In addition, in the in vitro experiment, Wang et al (18) , found that high glucose levels induced collagen formation and cytoskeleton degradation in cardiac fibroblasts. Li et al (19) , also showed that inhibiting high glucose level-induced proliferation and differentiation of and collagen accumulation by cardiac fibroblasts could be a new therapeutic strategy for diabetes. In this study, we found that high levels of glucose can induce MMP-2 expression in the HCF. MMP-2 is the primary kind of gelatinases that can degrade the ECM. Synthesis and decomposition of ECM are ongoing processes. In the normal heart, the decomposition and synthesis of ECM are in dynamic equilibrium. The balance is maintained by MMPs and TIMPs (20) . As TIMP-2 is an important member of the TIMP family, it can effectively inhibit the activity of MMP-2. Therefore, we further determined the MMP-2/TIMP-2 ratio and found that high glucose level also increases this ratio. Thus, these results indicate that high glucose levels can degrade the ECM and attenuate cardiac fibrosis by up-regulating MMP-2. However, as we know, during cardiac remodeling, ECM degradation and synthesis are activated simultaneously. Derangement of MMP-2 expression and activity alters the balance between ECM synthesis and degradation, resulting in excessive collagen deposition and reduced structural integrity in the myocardium. Increasing degradation of ECM supplies space for the proliferation and migration of HCF and other macrophagocytes, which secrete inflammatory and growth factors, further enhancing the cardiac remodeling process (21). Siddesha et al (22) , showed that sustained induction and activation of MMPs and the destruction and deposition of ECM can result in cardiac fibrosis. In addition to its canonical function in ECM degradation, studies in the recent year have highlighted new functions of MMP-2 to induce cardiac conditions such as proteolysis of novel substrates other than ECM proteins such as troponin I (23), localization to subcellular organelles like the mitochondria (24) , and proteolysis of susceptible intracellular proteins in subcellular compartments, such as monocyte chemoattractant protein-3 (25) . All these functions subsequently resulted in cardiac remodeling and heart failure. In accordance with our results, animal studies also showed that MMP-2 expression and activity was increased in the diabetic heart (3, 4) . Therefore, we suggest that high glucose levels up-regulate the expression of MMP-2, which further promotes ECM degradation, increased HCF migration and proliferation, finally resulting in fibrosis and DCM.
SGLT1 has been reported to exist in the small intestine, skeletal muscle, heart, kidney, trachea, prostate, cervix, and mesenteric adipose tissue (26) . It is also expressed in the kidney and intestine (26) . In the heart, SGLT1 has been shown to be expressed in the cardiomyocytes and endothelial cells (27) . In the present study, we found that SGLT1 was expressed in HCF. This is, to the best of our knowledge, the first report that SGLT1 is present in HCF. In addition, we found that SGLT1 is up-regulated by glucose levels. Previous studies had found that SGLT1 is substantially expressed in the myocardium and actually contributes to the pathogenesis of PRKAG2 cardiomyopathy (8, 9) , and that knockdown of SGLT1 can attenuate the disease phenotype (10) . Thus, SGLT1 might be involved in DCM. In order to explore the effect of SGLT1, we used phlorizin (inhibits SGLT1 and SGLT2) and dapagliflozin (inhibits SGLT2). Our results showed that phlorizin can inhibit SGLT-1 expression in HCF. In addition, phlorizin can inhibit high glucose level-induced MMP-2 and TIMP-1 expression in HCF. Also, dapagliflozin did not exert this effect. These results indicated that the up-regulation of SGLT1 is necessary for the induction of MMP-2 expression by high glucose levels, and that the inhibition of SGLT1 can attenuate this effect. Balteau et al (28) , showed that SGLT1 is linked with NADPH oxidase activation. Later, Van Steenbergen et al (29) , found that SGLT1 mediated the production of reactive oxygen species induced by hyperglycemia in the heart. Both NADPH oxidase activation and production of reactive oxygen species enhanced MMP-2 expression and activation. Thus, this might be the mechanism involved in the down-regulation of MMP-2 expression by inhibited SGLT1. In the subsequent experiment, we will use siRNA to knock down SGLT1 and over express SGLT1 to further verify the relationship between SGLT1 and MMP-2.
In a recent study, myocardial ischemia and hypertrophy were found to be associated with SGLT1 up-regulation, while SGLT2 was not expressed (30) . SGLT1 inhibition in the heart, which was previously thought to inhibit SGLT1 expression in the cardiomyocytes, could result in potential improvement of cardiac function and reduction of arrhythmic risk. Our study suggests another mechanism used by SGLT1 to protect the diabetic heart, that is, by attenuating glucose-induced MMP-2 expression in HCF. Although dapagliflozin has demonstrated anti-DCM effect in previous studies (31, 32) , in the present study, it showed no effect on glucose-induced MMP2 expression. The possible mechanism can be down-regulation of serum glucose levels or direct influence on the cardiac tissue through some unknown mechanism.
In summary, inhibition of MMP-2 expression is suggested to be cardioprotective in diabetes. In this study, we showed that MMP-2 expression increased in the HCF in response to high glucose levels, which could be reversed by phlorizin, but not by dapagliflozin. In addition, we found that SGLT1 exists in the HCF and that high glucose levels increase the expression of SGLT1 in HCF, which could also be attenuated by phlorizin. Thus, we concluded that high glucose levels induce MMP-2 expression in HCF, possibly by up-regulation of SGLT1.
This study has some limitations. First, we only tested the mRNA levels of MMP-2, MMP-9, TIMP-1, and TIMP-2; we have not evaluated the expression of these proteins by western blotting. Second, SGLT1 over-expression or knock-down has not been used to further verify the relationship between SGLT1 and MMP-2. Third, it is only an in vitro experiment using one cell line; evaluation of other cell lines and in vivo experiments should be conducted in future to verify this conclusion.
